As experimental null results increase the pressure on heavy weakly interacting massive particles (WIMPs) as an explanation of thermal dark matter (DM), it seems timely to explore previously overlooked regions of the WIMP parameter space. In this work we extend the minimal gauged U (1)L µ−Lτ model studied in [1] by a light (MeV-scale) vector-like fermion χ. Taking into account constraints from cosmology, direct and indirect detection we find that the standard benchmark of MV = 3mχ for DM coupled to a vector mediator is firmly ruled out for unit DM charges. However, exploring the near-resonance region MV 2mχ we find that this model can simultaneously explain the DM relic abundance Ωh 2 = 0.12 and the (g − 2)µ anomaly. Allowing for small charge hierarchies of O(10), we identify a second window of parameter space in the few-GeV region, where χ can account for the full DM relic density.
INTRODUCTION
The advent of the Standard Model of particle physics (SM) [2] [3] [4] was one of the biggest milestones in physics. The excellent agreement of its predictions with data have allowed physicists to embark on an era of precision studies of physics at the smallest scales accessible. Nevertheless, there are some hints for physics beyond the Standard Model (BSM), one of the most intriguing ones being the ∼ 4σ excess of the anomalous muon magnetic moment (g − 2) µ measured at the BNL E821 experiment [5] [6] [7] [8] . The upcoming E989 experiment at Fermilab aims at a fourfold improvement in the experimental sensitivity compared to E821 [9] thereby potentially pushing the significance above 5σ, if the excess is due to BSM physics.
Possibly one of the biggest shortcomings of the SM, however, is the absence of a viable candidate for DM [10] . Even in light of the recent determination of the cosmic DM abundance with unprecedented accuracy to Ω DM h 2 = 0.120 ± 0.001 [11] the true nature of DM remains unknown. Pinning down the exact properties of DM has inspired a myriad of particle physics models. One particularly well-studied class of DM candidates are WIMPs (see [12] for a recent review). Rather stringent bounds on heavy WIMPs [13] [14] [15] have lead to increased interest in the (sub-)GeV mass range [16] [17] [18] [19] [20] [21] , where many of the strongest constraints can be evaded. One such class of models is a dark sector charged under a new hidden U (1) D symmetry that is coupled to SM particles via kinetic mixing of the associated gauge boson with the SM hypercharge boson [22] [23] [24] [25] [26] .
In this letter we show that the (g − 2) µ anomaly [27] [28] [29] [30] and the observed DM relic abundance Ω DM h 2 can simultaneously be explained by gauging the U (1) Lµ−Lτ symmetry already present in the SM and augmenting it by a light vector-like fermion χ. This setup is automatically anomaly-free [31] [32] [33] and embeddable into a larger symmetry group G Lµ−Lτ [1] .
In the literature such a scenario has been studied for heavy (weak-scale) DM [34] [35] [36] [37] [38] [39] . In this work, however, we explore the MeV mass range. Recently, a similar scenario has been considered in [40] . However, our work differs in three crucial aspects: i) We fully take into account unavoidable loop-induced kinetic mixing − /2F µνX µν of the hidden photon with the SM hypercharge boson [41] . Not only does the mixing have important observational consequences (especially in the hadronic sector), but setting it to zero also requires quite some amount of fine tuning in order to exactly cancel all higher-order loop-contributions. ii) While the scenario explaining the EDGES anomaly presented in [40] requires a charge hierarchy of at least O(10 2 ), we do not introduce any charge hierarchies larger than already present in the SM (i.e. O(10)). Instead we focus on the case of Q χ = 1. iii) We include and calculate the full set of constraints on the associated hidden photon A presented in [1] .
THE MODEL
We extend the minimal U (1) Lµ−Lτ model presented in [1] by a vector-like fermion χ with mass m χ 1 and µτ -charge Q χ , given by the Lagrangian
where g µτ denotes the U (1) Lµ−Lτ gauge coupling andX the associated boson in the gauge basis. As χ is vectorlike and only carries U (1) Lµ−Lτ charge, it does not contribute to the kinetic mixing µτ (q 2 ) induced at one-loop so that it is the same as in the minimal case (cf. Eq. (9) of [1] ). We follow Appendix A of [1] to canonically normalize the kinetic terms and rotate to the mass basis of the hidden photon denoted by A . As we are only interested in the light regime M A < M Z , the hidden photon will only decay into fermionic final states with partial decay widths
Here m f , Q f and N f c denote the fermion mass, µτ -charge and number of colors. For the left-handed massless neutrinos one has to set m f = 0 and divide by a factor of 2. For electrons one has to replace g µτ Q f → µτ (q 2 )e. As the A couples to hadrons only via kinetic mixing we make use of the measured ratio of hadronic to muonic final states R(s) = σ(e + e − → had)/σ(e + e − → µ + µ − ) [42, 43] to parametrize the hadronic partial width as
where Γ γ * →µ + µ − is the partial width of a virtual photon γ * of mass M A . Compared to the hidden photon width Γ A ,0 of the minimal model studied in [1] , the total width is increased by the χχ contribution Γ A = Γ A ,0 +Γ A →χχ . The additional χχ channel will also increase the invisible branching fraction of the A , making this scenario more sensitive to invisible searches.
As we are exploring the near resonance region m χ M A /2 we have to perform the full thermal integral when calculating the thermally averaged annihilation cross section σv of the DM particle χ [44] . This is found to be [45] 
where x = m χ /T , z = √ s/m χ and K n (x) are the modified Bessel functions of the second kind. The cross section of the process χχ → ff can be expressed as
with g χA and g f A denoting the couplings of the A to the particles χ and f in the mass basis.
2 Contributions to the cross section from Z-mediation are suppressed by at least a factor of µτ /gµτ M 2 A /M 2 Z and may safely be neglected below the Z-resonance.
Relic density
We have implemented our model in Feynrules [46] and solve the Boltzmann equatioṅ
tracking the time-evolution of the DM number density n χ numerically with MadDM v.3.0 [47] . This way we obtain the freeze-out temperature x f at chemical decoupling and relic abundance Ω χ h 2 of the DM particle χ.
Kinetic decoupling After chemical decoupling the DM is still kept in local thermal equilibrium with the SM plasma by elastic scattering processes and tracks the plasma temperature T [48] . Only after elastic scattering has become inefficient the two sectors are kinetically decoupled and the temperature of the DM gas will evolve as that of non-relativistic matter. In [49] the DM temperature evolution T χ (T ) has been derived to be
where a is a constant proportional to the leading order expansion coefficient c n of the zero-momentum elastic scattering amplitude |M| 2 t=0 ∝ c n (ω/m χ ) n and n the scaling exponent. Finally, one can use the relation
to obtain the decoupling temperature T kd .
DARK MATTER CONSTRAINTS
In this section we discuss the various constraints on the DM parameter space shown in Figs. 1 and 2.
CMB A significant increase in the postrecombination ionization would be visible as extra free electrons and photons broadening the last scattering surface of the CMB photons, thus modifying their temperature and polarization power spectra [50] . The amount of additional energy released per unit volume [51] is quantized as
with the model-dependent annihilation parameter P ann (z) = f (z) σv /m χ . The efficiency factor f (z) characterizing the fraction of rest mass energy released into the gas [51, 52] depends a priori on the redshift z. However, f (z) is to good approximation independent of z and has been calculated for electron and photon final states in [53] . Using these, a mass-dependent effective efficiency factor quantizing the amount of energy proceeding into photons and electrons can be calculated,
The annihilation parameter has recently been constrained to P ann < 3.5 × 10 −28 cm 3 s −1 GeV by Planck results [11] , constituting an improvement of about 17% over previous results [54] . For m χ > 5 GeV we have used this bound together with the effective efficiency factors f eff provided in [53] [55] .
Big Bang Nucleosynthesis (BBN) As χ couples to neutrinos via the A it will reheat the neutrino gas once it becomes non-relativistic at a temperature T ∼ m χ [56] . This increases the effective number of neutrinos N eff and thus the neutrino-to-photon temperature ratio T ν /T γ compared to the SM, resulting in a higher expansion rate H of the universe. If the reheating happens during BBN, this manifests in an elevated helium relic abundance Y p and deuterium-to-hydrogen ratio D/H in the late universe.
These deviations from their respective SM predictions have been confronted with Planck results for light Dirac fermions in [57, 58] . The analysis of [58] excludes extra fermions χ with masses below m BBN χ = 9.28 MeV assuming that χ has been in thermal equilibrium with the neutrinos throughout BBN.
This constraint is not applicable anymore once the DM particle starts to decouple kinetically from the neutrino gas at BBN temperatures of T BBN ≈ 1 MeV. Therefore, we have scanned the decoupling temperature T kd of χ as a function of the coupling g µτ by use of Eq. (8) and only show the limit where T kd (g µτ ) ≤ T BBN .
Dwarf galaxies Dwarf spheroidal galaxies in our local group exhibit rather significant DM densities [59] . Given their local DM densities ρ DM (r) the flux of gamma ray photons observed in a solid angle ∆Ω at Fermi-LAT is given by [60] φ s (∆Ω) = 1 4π
The second term is the line-of-sight integral through the DM distribution, the so-called J-factor, and only depends on astrophysics. Hence, provided knowledge of the differential photon yield per DM annihilation dN γ /dE γ , one can place limits on σv from DM annihilation into the different channels in dwarf galaxies [60, 61] .
Cosmic ray positron flux The cosmic ray positron fraction has been measured with the AMS-02 detector [62, 63] . Decays of DM particles source additional positron injection described by the source term [64] 
where dN f /dE denotes the produced positron spectrum from a ff final state. The AMS-02 data has been used in [55] to set an upper limit on σv for different final states, with the most stringent one coming from the muon channel for U (1) Lµ−Lτ .
Neutrino production Neutrino detectors with a good energy resolution and low threshold are sensitive to the neutrino flux generated in annihilations of MeV-scale DM. The Super-Kamiokande water Cherenkov detector was used to set limits on the thermal cross section [65] . In a recent study the sensitivity of the planned Hyper-Kamiokande experiment has been explored [66] .
Electron scattering Kinetic mixing of the hidden photon with the SM photon leads to a non-zero elastic DMelectron scattering cross section [67] 
where µ χe denotes the electron-DM reduced mass. SuperCDMS [68] can search for DM-electron scattering events to constrain the DM-electron scattering cross section.
Nuclear scattering Similar to electrons, kinetic mixing induces a non-zero elastic DM-nucleon scattering [69] 
with the reduced DM-nucleon mass µ χN and
Here, A and Z refer to mass and atomic number of the nucleus and g qX = g qX L + g qX R denotes the sum of the chiral couplings of the quark q to the boson X [36] . The current best limit on the DM-nucleon scattering cross section comes from the 1 t × yr exposure dataset of the XENON1T experiment [15] . The proposed DARWIN experiment will be able to probe even smaller cross sections [70] . 
XenonNT Darwin Belle -II γνν 
HIDDEN PHOTON CONSTRAINTS
We briefly summarize the most important hidden photon constraints, which are discussed in detail in our previous article [1] .
As the A couples to neutrinos and electrons it contributes to the in-medium plasmon decay γ * → νν. This can be constrained from the good agreement of SM white dwarf cooling with observations [71] . Furthermore, the agreement of the measured cross section of neutrino trident production νN → νN µ + µ − with its SM prediction [72] [73] [74] puts strong limits on the A parameter space [30] . Likewise, the measured elastic ν − e scattering cross section with the Borexino detector constrains g µτ [75] .
The BaBar [76] and CMS [77] searches for four-muon final states put quite stringent constraints on the hidden photon of a muonic force. The proposed muon runs of both NA64 [78, 79] and LDMX [40, 80] could exclude large parts of the A parameter space from a missing energy search. Similarly, SHiP [81, 82] will be able to test very small couplings from a search for the visible A decays.
Finally, it has been shown [28] that a U (1) Lµ−Lτ boson can potentially explain the observed shift ∆a µ = (2.87 ± 0.80) × 10 −9 [5, 7, 8] of the muon anomalous moment.
RESULTS
In the following we discuss our results summarized in Figs. 1 and 2 .
In Fig. 1 we compare the standard benchmark (SB) scenario of m χ /M A = 0.33 (upper panels) to a nearresonance (NR) scenario with m χ /M A = 0.45 (lower panels) for a DM charge of Q χ = 1. The grayscale contours (dotted lines) in the left (right) panels show current (projected) hidden photon constraints. The constraints from white dwarf cooling (WD), neutrino trident production (NTP), and elastic neutrino scattering experiments (Borexino, COHERENT, CharmII) are completely insensitive to the DM χ. Constraints from visible decay searches (e.g. BaBar/CMS 4µ, SHiP) are generally weakened due to the reduced visible branching fraction of the A compared to the minimal case of [1] . Conversely, constraints from invisible searches (e.g. NA64 µ, LDMX M 3 ) become more stringent.
The colored contours (solid lines) in the left (right) panels represent current (projected) DM limits. While at low masses the most stringent limit is the one from N eff at BBN (yellow), the high-mass region is most constrained by the Xenon1T (magenta) limit on kinetic-mixinginduced DM-nucleon scattering. In the intermediatemass region a combination of measurements of gamma rays at FermiLAT (cyan), positron fluxes at AMS-02 (brown) and energy injection into the CMB (blue) at Planck yield the most constraining limit on χ and the 4µ searches at BaBar and CMS on A . The red curve represents points where Ω χ = Ω DM . Points above the red curve correspond to χ being a subcomponent of DM. First, we note that in the SB an explanation of Ω DM is entirely ruled out for unit charge. Only by increasing the charge to Q χ = 10 (for which the relic density and the CMB bound are shown by the dashed red and blue curves in the upper left panel of Fig. 1 ) the DM relic abundance can be explained for 28 M A 50 MeV.
In the NR case, however, we can accommodate a simultaneous explanation of Ω DM and the (g − 2) µ anomaly for 20 M A 85 MeV with unit charge 3 (see inset plot in the lower left panel of Fig. 1 ). This region is not excluded by the CMB bound, in particular it is also unaffected by the theoretical maximum CMB bound (dotted blue in the lower left panel of Fig. 1 ) obtained from assuming that visible annihilation products inject all of their energy into the CMB. This low-mass region will be testable at the future muon beam experiments NA64µ [79] and LDMX M 3 [40] .
While excluded for Q χ = 1 by the recent CMS 4µ search [77] , there is still a window for a high-mass explanation of Ω DM at 16.5 M A 30 GeV 4 for Q χ = 3 or higher (see Fig. 2 ). Interestingly, this region grows upon increasing the ratio m χ /M A up to m χ = M A /2. The reason for this region reaching below the model-independent lower mass bound of m χ 20 GeV derived in [55] is twofold: first, χ has a sizable invisible annihilation branching fraction into neutrinos, which do not leave any imprint on the CMB in this mass range [55] . Second, our FermiLAT bound is conservative in the sense that we have used the limit σv obtained for 100% branching fraction into taus. From the inset plot of Fig. 2 we can see that this high-mass region can be tested by the future XenonNT [83] and Darwin experiments [70] . 3 We note that for mass ratios mχ/M A < m BBN χ /2mµ ≈ 0.044 an explanation of (g − 2)µ is excluded by the N eff bound. 4 In the intermediate-mass region of 3 M A 5 GeV Ω DM is also not yet excluded. However, this is most probably an artifact of our conservative estimate of the CMB bound below mχ = 5 GeV [55] . Summing up, we have seen that while the SB scenario is not capable of explaining DM with unit charges, in the NR case Ω DM h 2 and (g − 2) µ can simultaneously be explained and tested at future muon beam dump facilities.
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